Abstract The human gut is extremely densely inhabited by bacteria mainly from two phyla, Bacteroidetes and Firmicutes, and there is a great interest in analyzing wholegenome sequences for these species because of their relation to human health and disease. Here, we do wholegenome comparison of 105 Bacteroidetes/Chlorobi genomes to elucidate their phylogenetic relationship and to gain insight into what is separating the gut living Bacteroides and Parabacteroides genera from other Bacteroidetes/Chlorobi species. A comprehensive analysis shows that Bacteroides species have a higher number of extracytoplasmic function σ factors (ECF σ factors) and two component systems for extracellular signal transduction compared to other Bacteroidetes/Chlorobi species. A whole-genome phylogenetic analysis shows a very little difference between the Parabacteroides and Bacteroides genera. Further analysis shows that Bacteroides and Parabacteroides species share a large common core of 1,085 protein families. Genome atlases illustrate that there are few and only small unique areas on the chromosomes of four Bacteroides/Parabacteroides genomes. Functional classification to clusters of othologus groups show that Bacteroides species are enriched in carbohydrate transport and metabolism proteins. Classification of proteins in KEGG metabolic pathways gives a detailed view of the genome's metabolic capabilities that can be linked to its habitat. Bacteroides pectinophilus and Bacteroides capillosus do not cluster together with other Bacteroides species, based on analysis of 16S rRNA sequence, whole-genome protein families and functional content, 16S rRNA sequences of the two species suggest that they belong to the Firmicutes phylum. We have presented a more detailed and precise description of the phylogenetic relationships of members of the Bacteroidetes/Chlorobi phylum by whole genome comparison. Gut living Bacteroides have an enriched set of glycan, vitamin, and cofactor enzymes important for diet digestion.
Introduction
The human intestine is host to roughly 100 trillion microbial cells, 10 times as many as human cells [24] , and carry a gene set 150 times larger than the human genome [31] . The microbiota complements the human set of enzymes with important enzymatic functions such as degradation of polysaccharides and production of vitamins. The microbes have a profound impact on human health, and physiology especially alteration of gut ecology has been associated with inflammatory bowels diseases and obesity [23, 28, 31, 44] .
Bacteria consist of at least 27 phyla [12] , but the human colon is dominated by members of only two of these, Bacteroidetes and Firmicutes together make up 95-99% of the microbiota. However, the relative abundance between Bacteroidetes and Firmicutes is varying, making up 17-60% and 35-80% of the total bacterial ribosomal RNA gene sequences, respectively [6, 9, 42 ]. An increased relative abundance of Firmicutes to Bacteroidetes in the gut is associated with obesity both in mice and humans [44, 45] . To gain insight into how microbial components contribute to human health and disease, the NIH-funded Human Microbiome Project (nihroadmap.nih.gov/hmp/) and the EU-funded MetaHIT project (www.metahit.eu/) have been established. An initial outcome from the HMP project is a catalog of 178 reference genomes, and out of these, 151 were from the gastrointestinal tract [29] . This wealth of data allows us to investigate their genetic relationship as well as link genetic information to distinct behaviors by comparative analysis. Traditionally, 16S rRNA sequence has been used for phylogenetic analysis for evolutionary comparison and classification. However, this approach is based on the assumption of unidirectional and hierarchical evolution and no gene transfer between species. In fact, many bacteria have more than one copy of the 16S rRNA gene, and in some (rare) cases, the 16S rRNA genes from operons in the same genome are different enough to be considered another species [30] . Lateral gene transfer is a strong force in bacterial evolution, which transforms the hierarchical tree to a network of relationships between species [7] . It has been suggested that lateral gene transfer has played a major role in the evolution of the bacteria in the human intestine [48] .
Among the genera in the Bacteroidetes phylum, Bacteroides is the most abundant and make up a core component of the human gut microbiota [6, 9, 42] . The genus Bacteroides underwent a major revision in 1989 after having been a genus generally described as a collection of obligately anaerobic, Gram-negative, nonsporing, rodshaped bacteria, was now proposed to be restricted to closely related species of Bacteroides fragilis based on genomic GC content and biochemical capabilities [38] . While the Bacteroides genus was restricted, several species were moved to new genera such as Prevotella [36] and Porphyromonas [37] . More recently, further restrictions have been done to the Bacteroides genus and Alistipes and Parabacteroides genera have been defined to harbor these species [33, 34] . Also, new species have been added to the Bacteroides genus, e.g., Bacteroides plebeius and Bacteroides corprocola, isolated from the human gut [19] . With the large-scale genomic sequencing projects mentioned above, it is likely that new Bacteroides species will be found that need to be classified. Members of the Bacteroides genus have adapted to a life in the gut of mammals. This habitat is rich in undigested polysaccharides that human enzymes are unable to digest. This fact is extensively manifested by the genomic information of the first complete genome sequence of a Bacteroidetes species, Bacteroides thethaiotaomicron. Its genome contains 172 glycoside hydrolases, 163 homologs of SusC, and SusD outer-membrane polysaccharide-binding proteins for polysaccharide utilization [46] . The wealth of polysaccharide degrading enzymes has also been observed in three other Bacteroides species [48] . The well-studied B. thethaiotaomicron has been found to have an unprecedented number of extracytoplasmic function σ factors (ECF σ factors) and a large collection of hybrid two-component systems for environmental sensing in its genome [47] . In many cases, genes for these two regulatory systems are positioned in close proximity to genes coding for glycoside hydrolases and SusC/D [47] .
There is a need to summarize the information we have today about the recently sequenced Bacteroidetes/Chlorobi genomes and link the functional genomic content to habitat, especially the human gut. In this study, we use bioinformatics and comparative genomics methods on 105 genomes from the Bacteroidetes/Chlorobi group to gain knowledge about the phylogeny of the member species. Further, by comparative analysis, we study the gut living Bacteroides (33) and Parabacteroides (four) and compare the genetic content of these gut living organisms to their relatives in other habitats.
Methods
Publicly available genomes from the Bacteroidetes/Chlorobi superphylum were downloaded from GenBank at National Center for Biotechnology Information. A full list of genomes included is presented in Supplementary Table 1 . This study is based on 33 completely sequenced genomes and 72 in the assembly stage. The list contains 33 genomes from the genus Bacteroides, nine from Prevotella, eight from Chlorobium, four from Parabacteroides, four from Porphyromonas, and 47 genomes from other Genera in the Bacteroidetes/Chlorobi group.
Genetic Components Analysis
The genome sequences were predicted for their content of tRNAs by tRNAscan-SE, a highly accurate algorithm for tRNA prediction with 99-100% accuracy with less than one false-positive in 15 gigabases [26] . RNAmmer, a very accurate and fast algorithm prediction of rRNAs, was used to predict ribosomal sequences from the genomes [21] The prediction of sigma factors, two-component signal transduction systems, membrane proteins, and secreted proteins were done following the standard methods previously published [1, 2, 4, 17, 18] . 16S rRNA Analysis 16S rRNA sequences, which were extracted from the genomes with RNAmmer, were used to make a phylogenetic tree. Sequences of length less than 1,400 nucleotides were discarded to allow for a proper alignment of fulllength 16S rRNA sequences. If several 16S rRNA sequences were found within a genome, all were used in the further analysis. Sequences were aligned using MUS-CLE with default parameters [11] The MEGA4 software [41] was employed to build a phylogenetic tree from the alignment result using the Neighbor-Joining method with distances using the Jukes-Cantor measure and complete deletion option and otherwise default parameters. Ten thousand bootstrap integrations were performed to find bootstrap values. The trees were re-drawn in the FigTree software (http://tree.bio.ed.ac.uk/software/figtree/).
Protein Family Analysis
OrthoMCL is an algorithm to form clusters of orthologous groups from protein sequences [25] . The algorithm starts with an all-against-all BLASTP search and then uses similarity measures to identify clusters of orthologs and paralogs, using a Markov clustering algorithm. OrthoMCL verison 1.4 was used to identify protein families by a BLAST P value cutoff of 10 −5 and MCL inflation parameter of 1.5. A matrix was constructed containing one row for each OrthoMCL cluster and one column for each species with each cell in the matrix containing the number of proteins in each cluster. A phylogenetic tree was constructed from the OrthoMCL result matrix by hierarchical clustering with an average linkage and the Manhattan distance metric. Clustering was performed in the statistical software R with the pvclust package [40] ; to assess the confidence of the tree, 10,000 bootstrap integrations were performed. The tree was re-drawn in the FigTree software.
Functional Profiles Analysis
All proteins were queried against the Cluster of Orthologous Groups (COG) database to functionally annotate proteins [43] . The COG blast database was downloaded from NCBI FTP and psi-BLAST was used to annotate proteins to COGs with an e value cutoff of 10 −2 .
The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was downloaded and for each KEGG ontology, bacterial sequences were filtered out and Hidden Markov models (HMM) were generated with HMMER version 3 [10] . All genes in the 105 Bacteroidetes/Chlorobi genomes were queried against the HMMs. A cutoff of 10
was used for statistical significance. A heatmap of each pathway and process derived from the database was constructed based on normalized abundance of the enzymes present in each pathway. The heatmap and hierarchical clustering was performed in the software R.
Results and Discussion

Genetic Components
The 105 Bacteroidetes/Chlorobi genomes shown in Supplementary Table 1 were downloaded using the NCBI project ID and scanned for their abundance of ribosomal, sigma factor, tRNA, two-component system, transmembrane helix, and signal peptide genes. The number of genes was compared in the three groups Bacteroides, Parabacteroides, and the other Bacteroidetes/Chlorobi species.
The number of tRNAs in each genome show that Bacteroides and Parabacteroides species contain a significantly higher (p<0.01, nonparametric Mann-Whitney's U test) number of genes coding for tRNAs in their genomes compared to other Bacteroidetes/Chlorobi species (Supplementary Figure 1) . A larger number of tRNA and rRNA genes are correlated with faster response to favorable growth conditions [22] The external sensory systems ECF σ factors and twocomponent systems counted in the genomes as reported in Supplementary Figure 1 . As expected, the Bacteroides had significantly larger number of ECF σ factors in their genomes compared to other Bacteroidetes/Chlorobi species. B. thethaiotaomicron was found to have 50 ECF σ factors, consistent with what has been previously described and, at the time, the genome with the highest number of ECF σ factors [47] . Here, several Bacteroides species and other Bacteroidetes/Chlorobi species have even more ECF σ factors, e.g., Bacteroides sp. D2 (70) and Chitinophaga pinensis DSM 2588 (94). No significant difference in the sigma factors 70 and 54 was found between the Bacteroides and other Bacteroidetes/Chlorobi. All Bacteroides species have one copy each of the two sigma factors except Bacteroides capillosus (1 σ 54 , 5 σ 70 ) and Bacteroides pectinophilus (0 σ 54 , 7 σ 70 ). Like ECF σ factors, two-component systems are important environmental signal transduction pathways in prokaryotes [39] . Two-cmponent signal transduction systems consist of a histidine kinase that autophosphorylates upon environmental stimuli and a response regulator that subsequently receives the phosphoryl group at an aspartate residue [39] . Both Bacteroides and Parabacteroides have a significant higher number of genes coding for twocomponent system histidine kinase 1 and the response regulator.
Phylogeny of 16S Ribosomal Genes and Orthologus Clusters of Protein Families
The 16s rRNA phylogenetic tree ( Fig. 1) shows that Bacteroides species form one big cluster including B. fragilis strains, once suggested to be the definition of the Bacteroides genus [38] , and Bacteroides vulgatus on another branch. Most of 16s rRNA replications in each genome exclusively cluster together, in a few cases, e.g., Parabacteroides distasonis and B. vulgatus some of the 16s rRNA sequences cluster with sequences from other species, Parabacteroides sp. D13 and Bacteroides sp 4_3_47FAA, respectively. The average copy number of the 16S rRNA gene is about 2 (2.3) in all Bacteroidetes/Chlorobi species, and there is no significant difference between Bacteroides, Parabacteroides, and other Bacteroidetes/Chlorobi species. In the Bacteroides genus, the maximum copy number the 16S rRNA gene is seven in B. vulgatus ATCC 8482. When enumerating bacterial cells based on 16S rRNA methods, this difference in copy number is important to keep in mind.
Interestingly, B. pectinophilus and B. capillosus cluster together and are found far from the other Bacteroides species. The 16s rRNA sequences of B. capillosus have 96-98% sequence similarity with Clostridium orbiscindens strains, and it has recently been suggested that the species should be reclassified to the novel genus Pseudoflavonifractor [5] . Similarly, the 16s rRNA sequences of B. pectinophilus have a 92% sequence similarity with Eubacterium eligens ATCC 27750 and Clostridium saccharolyticum WM1 suggesting that also this strain is classified in the wrong phylum and should belong to the Firmicutes. Generally, the resolution in the 16S rRNA tree is limited, and it is impossible to discern the relationship between closely related species.
A more detailed and comprehensive view of the genomic phylogenetic relationship between the species can be seen in Fig. 2 and was achieved by clustering distribution of protein families defined by the unsupervised algorithm orthoMCL [25] . Clearly, the depth of resolution is higher in the protein family tree compared to the 16S rRNA tree ( Fig. 1) . As opposed to the 16S rRNA tree, here, all the Bacteroides genomes cluster together with Parabacteroides genomes except for the B. pectinophilus and B. capillosus which are still far from other Bacteroides.
Parabacteroides species form a small cluster within the Bacteroides cluster showing high similarity with the other Bacteroides. Bacteroides sp. 2_1_33B and sp. 2_1_7 cluster tightly with Parabacteroides species, but neither had a 16s rRNA sequence that met our quality criteria. The Parabacteroides genus was proposed to harbor species that showed differences in 16s rRNA sequences and different menaquinone composition compared to Bacteroides [34] . But at the whole genome level, our results indicate that Parabacteroides are a part of the Bacteroides genus. Bacteroides species clearly seem to have a shared genomic core that we try to define and contrast to other Bacteroidetes/Chlorobi species.
Pan and Core Genome Comparisons
A pan and core genome plot was drawn based on the results from the orthoMCL protein families of Bacteroides and Parabacteroides genomes as shown in Fig. 3 . The pan orthoMCL protein families were defined as being represented in at least one of the studied genomes, whereas the core protein families were present in all genomes. Genomes are ordered by genus but within genus the order is alphabetical except for B. pectinophilus and B. capillosus that are placed last. The number of core protein families for the 31 Bacteroides genomes is 1,116, and for the Bacteroides and Parabacteroides, it is 1,085, whereas it drops dramatically for B. pectinophilus and B. capillosus to 424. The number of core protein families in the Bacteroides/Parabacteroides genus is stable and only slowly decreases when new genomes are added. However, the pan protein families are growing at a much faster rate showing that each genome carries specialized genes not shared with other Bacteroides species. B. pectinophilus and B. capillosus genomes add a considerable number of protein families to the pan showing that they contain several novel protein families not present in other Bacteroides or Parabacteroides strains. Bacteroides genomes share a smaller number of core protein families with Porphyromonas (694) and Prevotella (703) compared to Parabacteroides (1085) even though Prevotella seem to have been more closely related 16S rRNA sequences.
The Bacteroides core protein families were further queried for functional domains by InterPro scan [32] . To evaluate functions that are specific for Bacteroides, the number of genes in each core protein family was compared between the Bacteroides and other Bacteroidetes/Chlorobi. A subset of the protein families is not only a core in Bacteroides but is common to many Bacteroidetes/Chlorobi species. The common protein families are related to translation, e.g., ribosomal proteins and tRNA synthases necessary for basic machineries for growth (see Table 1 for details). Out of the 20 most specific core protein families in Bacteroides, seven contained a signal peptide, three contained a transmembrane domain, and six protein families were hypothetical proteins. The core protein families with the highest copy number were two-component systems, ECF σ factors, and hydrolase enzymes that are necessary for their life in the gut environment. similarity assessed with a BLASTp score. The order of the genomes is the same as in Fig. 3 except that the reference is excluded. The colors highlighting the species are the same as in Fig. 1 species and P. distasonis has few unique genomic regions that are shared with other Parabacteroides species but not with Bacteroides species. The variable gene content is not evenly distributed over the chromosome but rather is located to islands. This is especially evident for B. fragilis and B. vulgatus that contain several islands with little homology to other species. Again P. distasonis is shown to be genomically similar to other Bacteroides species in general and particularily Bacteroides 2_1_33B and 2_1_7. B. thethaiotaomicron is seen as a generalist with a broad repertoire of glycoside hydrolase paralogs and starch utilization systems C and D paralogs [48] . However, the blast atlas shows that there are few unique regions in the genome and these are not gathered in islands but rather spread out over the chromosome.
Functional Profiles of Bacteroidetes/Chlorobi
OrthoMCL is an unsupervised algorithm for finding all shared protein families among genomes; however it does not provide any functional information. By annotating genes to functional categories, e.g., metabolic functions, we can discern the requirements a certain habitat puts up on a genome. In Figs , ***p<10
−10
). Bacteroides is especially enriched for carbohydrate transport and metabolism COGs but the core COGs, present in all Bacteroides species, is small, pointing to a great diversity in this category Chlorobi genomes to the curated COG [43] and the KEGG [16] , respectively. Functional annotation relies on inferring gene function by sequence similarity to genes with known function but is evidently limited to the size of the reference set. The number of orthoMCL protein families is 26,163 compared to 4,873 for the COG database; thus, the space covered by the unsupervised algorithm is much larger, as shown in Fig. 5a . The COG database contains 4,873 orthologous groups made up from 138,458 proteins from 66 unicellular organisms covering 75% of their predicted proteins [43] . Here, we mapped all 105 Bacteroidetes/Chlorobi genomes to the COG database and explored the functional space of each organism, meaning that paralogs were not considered (Fig. 5b) . The difference between the number of COGs in each superclass for the Bacteroides/Parabacteroides and the other Bacteroidetes/Chlorobi species was evaluated with the non-parametric Mann-Whitney's U test. The largest difference can be seen in the carbohydrate transport and metabolism category implying that Bacteroides have better capability to utilize polysaccharides. Moreover, Bacteroides has a significantly broader range of enzymes. Bacteroides are also enriched in COG classes L, D, V, M, F, and R. The distance between the core and each individual genome indicates the diversity within each category. Translation ribosomal structure and biogenesis has less diversity than Carbohydrate transport and metabolism highlighting that the former is a basic requirement for growth whereas the latter is likely related to niche specialization. The COG super classes are coarse and the importance of metabolic processes in the gut habitat led us to also annotate the genomes to the KEGG database that is comprehensively annotated for metabolic genes and pathways.
Phylogenetic analysis based on metabolic pathway reaction content has been used to elucidate trees of metabolically related species [15] . The constructed tree is only to a small extent affected by genome size and takes into account mostly essential genes since functional metabolic pathways are essential to an organism. The pathway content is related to niche specialization and habitat as these factors largely affect metabolism. Here, we mapped genes to orthologs in the KEGG database and to pathways therein. Each KEGG ortholog was counted as present or absent and mapped to its respective pathway. In Fig. 6 , a heatmap and phylogenetic tree is presented of the Bacteroidetes/Chlorobi species. The functional annotation results from KEGG and COG agree well, but KEGG gives a much more detailed view of metabolism.
The heatmap gives a detailed view of the metabolic capabilities of each species, which can be related to their natural habitat. Bacteroides species mostly group together and it is evident that they are enriched in carbohydrate acting enzymes and also glycan, vitamin and cofactor metabolism. Prevotella bergensis, isolated from human skin [8] , and Prevotella copri, isolated from human feces [14] , group with gut living Bacteroides and Parabacteroides. Bacteroides pecinophilus and B. capillosus group together and distinctly from the other Bacteroides species as seen in the previous analysis but still these organisms are living in the human gut as two of the 50 most abundant species [31] . This lack of consensus among gut living species likely means that the human gut habitat is not homogeneous but rather contains several niches. This is also consistent with results found by two studies in gnotobiotic mice with Bacteroides thetaiotaomicron and one member of the Fimicutes phylumn and a methanogenic archae [27, 35] . B. thethaiotaomicron is the primary fermenter of polysaccharides whereas the Firmicute and Archae use simple sugars and fermentative products such as acetate and H 2 .
However, in general, aerobic free-living species in water or soil group together, shown in Fig. 6 marked with blue/brown. Unculturable intracellular symbionts Sulcia mulleri and Blattabacterium species group together as these genomes contains very few proteins and thus has low abundance of enzymes in each pathway. The clade marked with yellow contains mainly Prevotella, Porphyromonas, and Capnocytophaga species, all living in the human oral cavity or on human skin. In summary, the phylogenetic analysis based on metabolic pathway content can indicate a genome's habitat.
Conclusions
Here, we have shown how a whole-genome analysis can improve phylogenetic studies based on 16S rRNA sequence analysis. Unsupervised clustering of orthologous groups such as is done with the orthoMCL algorithm is useful when classifying species and analyzing orthologus genes, and we have presented a phylogenetic tree of 105 species in the Bacteroidetes/Chlorobi phyla. Functional annotation of genes to high-quality curated databases such as COG and KEGG gives detailed information about pathway content but does not account for genes with unknown functions. From this analysis, we found that Bacteroides have enrichment in carbohydrate acting enzymes and also vitamin and cofactor metabolism, indicating that these bacteria have adapted to a Figure 6 Phylogenetic tree based on KEGG pathway content. The relative abundance of genes in each pathway is depicted in the heat map where each row is normalized. Species are clustered based on their relative pathway content. The colors highlighting the species are the same as in Fig. 1 . Habitat of isolation as stated by the NCBI genome project is indicated with color accordingly: human skin/ genitals/oral (yellow) human gut (purple), intracellular endosymbiont (pink), aquatic (blue), and soil (brown). Bacteroides and Parabacteroides species cluster together except for B. capillosus and B. pectinophilus role of diet digestion and vitamin production. Parabacteroides species show a high similarity with Bacteroides by sharing a high number of protein families and functional characteristics, likely because they share habitat. B. capillosus and B. pectinophilus we found to separate from other Bacteroides species at several levels of analysis, 16S rRNA, protein families, and functional content and a search in 16S rRNA databases showed high similarity to two Firmicutes species, C. orbiscindens and E. eligens, respectively.
